To address the static voltage stability issue and suppress the voltage fluctuation caused by the increasing integration of wind farms and solar photovoltaic (PV) power plants, a two-tier reactive power and voltage control strategy based on ARMA power forecasting models for wind and solar plants is proposed in this paper. Firstly, ARMA models are established to forecast the output of wind farms and solar PV plants. Secondly, the discrete equipment is pre-regulated based on the single-step prediction information from ARMA forecasting models according to the optimization result. Thirdly, a multi-objective optimization model is presented and solved by particle swarm optimization (PSO) according to the measured data and the proposed static voltage stability index. Finally, the IEEE14 bus system including a wind farm and solar PV plant is utilized to test the effectiveness of the proposed strategy. The results show that the proposed strategy can suppress voltage fluctuation and improve the static voltage stability under the condition of high penetration of renewables including wind and solar power.
Introduction
In recent years, with the rapid development of renewable generations, the scale of the integration of wind power and solar power stations increase rapidly [1, 2] . In China, wind farms and solar PV power stations are mainly located in the north and northwest regions, while load-centers are located far away in eastern regions. As the increase of the integration, the influence of the randomness at the generation side and long-distance transmission on voltage stability is more and more prominent [3] [4] [5] .
Many papers studied the voltage and reactive power control strategy at the turbine level, wind farm level, and wind farm group level [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In order to participate in voltage regulation, a wind turbine can increase its reactive power output to some extent by lowering its active power output [6] . The performance of alternative voltage control strategies applied to a doubly-fed induction generator (DFIG) are explored and compared [7] . Stator-and grid-side converters could be adjusted for voltage-control purposes. Different control sequences will lead to different control performance [8] .
ARMA-Based Power Forecasting Model
Instead of mitigating the influence of variable renewables through the curtailments from the demand side [18] , wind and solar power forecasting are still the most effective means of handling the uncertainty of renewable power generation. Several different models have been successfully applied to the forecasting of renewable power generation in terms of wind power [19] [20] [21] [22] [23] and solar power [24] [25] [26] . In this paper, the ARMA time series model is applied to establish the forecasting model based on historical data [21] . ARMA forecasting is simple and fast, suitable for the pre-control of discrete equipment. The forecasting can be performed through three steps, including system modelling, parameter estimation, and adequacy validation. It has been applied to the research of wind power prediction successfully.
In the time series modeling, we need to smooth the observation data sequence so that the non-stationary data sequence can be transformed into a stationary random sequence with zero mean.
The mean value of time series {x t } with finite length N is calculated by the following:
x t /N (1)
Thus, the zero mean time series {y t } is obtained. The general ARMA model can be described as follows [27] :
where p, q are the orders of the ARMA model, α i and β j are parameters of the ARMA model, ε t is stationary white noise with zero mean. Equation (3) shows that the AR model, the autoregressive process, describes the system's memory of its past state; the MA model, the moving average process, describes the system memory of the previous noise (random disturbance term) into the system. Therefore, the ARMA model is the system memory of its own states and the past noise into the system. y t , the value of a time series ARMA (p, q) at moment t can be represented by a linear combination of p historical observations plus a moving average of the q term of a white noise sequence. Please see [27] for the detailed steps of the identification process of the model.
Two-Tier Reactive Power and Voltage Control Strategy
Currently, the reactive power regulation devices in wind farms and solar power plants are mainly shunt capacitors and dynamic reactive power compensation devices. The output of reactive power of shunt capacitors has two features: (1) the output of each unit is discrete; (2) the switching operation time is relatively long compared to the variation of the reactive power. When the output power of the solar PV station or wind farm changes dramatically, it is quite difficult to achieve fine voltage regulation only through those shunt capacitors. A static VAR compensator (SVC) and other dynamic reactive power compensation devices are able to provide a continuous, fast reactive power regulation, which can change the reactive power rapidly and stabilize voltage fluctuations quickly.
A two-tier reactive power and voltage control strategy based on the ARMA time series model is put forward, which considers the characteristics of reactive power regulation devices. The control strategy of the first tier is to regulate the discrete equipment based on the single-step prediction information of the wind farm and solar PV power station. This tier aims at minimizing the voltage deviation at the central point. The control strategy of the second tier is to regulate the reactive power output of the SVC, wind farm, and PV power plant based on the real-time measurement. The objective Energies 2017, 10, 1518 4 of 13 of this tier is to suppress the voltage fluctuation of the central point (selected nodes to provide voltage support in power system) and improve the voltage stability margin and the reactive power margin of dynamic reactive power compensation equipment. The second tier control is implemented based on the first tier control. Since the action time of the shunt capacitors is long, the shunt capacitors are regulated in advance based on the forecasted output of wind farms and solar stations. The output of capacitors decided in the previous period (15 min before), as well as the real-time measurement, are used as the input of the second tier optimization to decide the reactive power output of the SVC, wind farm, and PV power plant. The overall reactive power and voltage control strategy is given in Figure 1 . 
The First Tier Control Strategy
The objective function of the first tier control strategy is to minimize the voltage deviation in every control period. We regulate the discrete equipment based on the single-step prediction information of the wind power and PV power station. The high voltage side buses in boost substations of the wind farm and PV power plant are selected as central points in this paper. The objective function is as follows:
where N is the number of central points;
U is the predicted value of voltage at central point i, and
Uiref is the reference voltage at central point i.
The Second Tier Control Strategy
The second tier control strategy is to regulate the reactive power output of the SVC, wind farm, and PV power plant based on the real-time measurement. The objective of this tier is to suppress the voltage fluctuation at the central point and to improve voltage stability margin and the reactive power margin of the dynamic reactive power compensation equipment.
The Index of Voltage Deviation
Firstly, the reactive power and voltage control strategy should ensure the voltage level of the central point to meet system requirements. The index of voltage deviation is as follows:
where N is the number of central points; Ui is the voltage at the central point i, and Uiref is the reference voltage.
The Index of the Voltage Stability Margin
The index of voltage stability is calculated based on power flow equations, which is widely used in the identification of the weak point in power system. The L index is calculated through 
The First Tier Control Strategy
where N is the number of central points; U pr i is the predicted value of voltage at central point i, and U iref is the reference voltage at central point i.
The Second Tier Control Strategy
The Index of Voltage Deviation
where N is the number of central points; U i is the voltage at the central point i, and U iref is the reference voltage. 
The Index of the Voltage Stability Margin
The index of voltage stability is calculated based on power flow equations, which is widely used in the identification of the weak point in power system. The L index is calculated through Equation (6) . Relations between the voltage stability and the L index is: L > 1, the voltage is instable; L = 1, it is in a critical state; and L < 1, the voltage is stable [28] .
where U S is the voltage of equivalent large grid, U D i is the voltage of node i in the wind and PV centralized system, F i and δ i are the amplitude and phase of the i elements of the matrix F, and θ i is the voltage phase value of the node i relative to slack bus. The node network equation of the wind and PV centralized system is as follows:
where I S and U S is a matrix consisting of the current and voltage vectors of an equivalently large grid, I D and U D is a matrix consisting of the current and voltage vectors of wind and PV connection nodes, Y SS , Y SD , Y DS , and Y DD are the sub-matrices of the node admittance matrix Y. The matrix F is calculated as follows:
Here, the index of the voltage stability margin, L pw , is introduced. It is calculated as follows:
where N is the number of central points, and L i is the index of local voltage stability of central point i.
The Reactive Power Margin of the Dynamic Reactive Power Compensation Equipment
Improving the reactive power margin of dynamic reactive power compensation device can suppress voltage increases at the moment of clearing the fault. The reactive power margin is calculated by Equation (10):
where i is the node where dynamic reactive power compensation device is installed; N Q is the number of the dynamic reactive power compensation devices; Q Si is the reactive power output at node i; Q Simax and Q Simin are the limits of reactive power output.
The Objective Function
The objective of second tier is to suppress the central point voltage fluctuation and to improve the voltage stability margin and the reactive power margin of the dynamic reactive power compensation equipment. The objective function is as follows:
where ∆Q S is the reactive power margin of SVC; ∆U 2 is the voltage error of central point, and L pw is the static voltage stability index of power system. ω 1 , ω 2 , ω 3 are the weighting factors.
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Constraint Condition
The proposed control strategy should meet the equality constraints and inequality constraints.
Equality Constraints
Equality constraints are mainly the power flow equations, which are as follows:
where, i ∈ [1, N s ], and N S is the number of nodes, P i−t and Q i−t are the injected active and reactive power at time t, G ij , B ij , and θ ij−t are the conductance, susceptance, and the phase displacement of the voltage between node i and j, respectively.
Inequality Constraints
The inequality constraints of power system are mainly the constraints of state variables and control variables. The voltage should not exceed the limit. The formula is as follows:
Constraints of the control variables are mainly the reactive power output of the wind farm, PV power plant, and dynamic compensation equipment given in Equation (14) .
where Q W , Q PV , and Q C are the reactive power output of the wind farm, PV power station, and shunt capacitor. K T is the tap position of the transformer. Q Wmin , Q PVmin , and Q Cmin are the lower limits of the reactive power output of the wind farm, PV power station, and shunt capacitor. Q Wmax , Q PVmax , and Q Cmax are the upper limit of the reactive power output of the wind farm, PV power station, and shunt capacitor.
Reactive Power Limit of the Wind Farm and PV Power Station
The active and reactive power output of the DFIG is affected by the current limitation of the rotor winding, stator winding, and the converter of the rotor side. Among them, the current limit of the rotor-side converter is the main factor. The reactive power output limit of the stator side is given as follows:
where U s is the terminal voltage of the stator side; X m is the excitation reactance; X s is the stator reactance; i rmax is the upper current limit of the converter; Q Gmin and Q Gmax are the lower and upper limit of the reactive power output of the DFIG.
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The wind farm can be modelled differently according to the research focus. In this paper, the control strategy does not need to consider the internal electric connection and the differences among DFIGs. Therefore, the lumped model is chosen. The limit of reactive power output is given by Equation (16):
where Q Gimin and Q Gimax are the lower limit and upper limit of reactive power output of the DFIG i. Q Wmin and Q Wmax are the lower limit and upper limit of the reactive power output of wind farm. The reactive power output of the PV power station depends on the control strategy of the inverter. When the constant voltage control strategy is adopted, the active and reactive power output of the PV inverter needs to meet the constraint conditions given by Equation (17):
where P ipv , Q ipv , and S ipv are the active power output, reactive power output and inverter capacity of the inverter. When reactive power loss of the power line, the transformer and the inverter are neglected, the limit of reactive power output of PV power station is given by Equation (18):
where Q pvmax is the reactive power upper limit of PV power plant; Q ipv max is the upper limit of the reactive power output of inverter; m is the number of inverters.
Model Solution
In this paper, the particle swarm optimization (PSO) algorithm is used to solve the two-tier reactive power and voltage control strategy [29] . Each particle includes the reactive power output of the capacitor bank, wind farm, photovoltaic power station, and SVC at time t. The flowchart within a control cycle is shown in Figure 2 . The detailed process is as follows:
• STEP1: Initialize the size of PSO algorithm population N, the weight coefficient ω and so on; • STEP2: Calculate the fitness value of each particle, and then, the individual optimal value P best and the global optimal value G best can be obtained; STEP3: Update the position and velocity of each particle; STEP4: Stop the search if the stop condition is satisfied; else, go to step 2; and STEP5: Check if the data is reasonable. If the data is reasonable, execute the control strategy; i not, calculate again. 
Simulation Analysis

The Establishment of Time Series Model Based on ARMA
Based on the output data gathered from wind farm and PV power station in Ningxia, the model is established through data processing, model determination, parameter estimation, and adequacy validation.
The parameters p, q of the ARMA (p, q) model can be determined by the autocorrelation function and partial correlation function of time series. In order to improve the feasibility of the model in the system, firstly, the data of the wind power and solar power are standardized. The autocorrelation and partial correlation of the data after standardization are given in Figure 3 . 
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We can see from Figure 3 that the autocorrelation of the output of the wind farm and PV power station decay to smaller values after nine and 15 time lags, respectively (the resolution of the forecasting is 15 min.). The partial correlation of the output of the wind farm and PV power station decay to a smaller value after two and one time lags, respectively. Therefore, the prediction model of the output of the wind farm and PV power plant should use the ARMA model, and the time series model of wind farm and PV power station are ARMA (9, 2) and ARMA (15, 1), respectively. The parameters in Equation (3) of the model are estimated through MATLAB 2010b after the model is determined. The actual output curve and the forecasted output curve are shown in Figure  4 . As the output of the wind farm and PV power station has a strong randomness, there is usually a certain error between the predicted and actual values. Shown in Figure 4 , for wind power prediction, the mean absolute error is 2.23 MW, and the mean relative error is 8.98%. For PV power prediction, the mean absolute error is 1.16 MW, and the mean relative error is 7.46%. The estimation errors of the ARMA model, most of the time, are precise enough for the pre-control with shunt We can see from Figure 3 that the autocorrelation of the output of the wind farm and PV power station decay to smaller values after nine and 15 time lags, respectively (the resolution of the forecasting is 15 min.). The partial correlation of the output of the wind farm and PV power station decay to a smaller value after two and one time lags, respectively. Therefore, the prediction model of the output of the wind farm and PV power plant should use the ARMA model, and the time series model of wind farm and PV power station are ARMA (9, 2) and ARMA (15, 1) , respectively.
The parameters in Equation (3) of the model are estimated through MATLAB 2010b after the model is determined. The actual output curve and the forecasted output curve are shown in Figure 4 . As the output of the wind farm and PV power station has a strong randomness, there is usually a certain error between the predicted and actual values. Shown in Figure 4 , for wind power prediction, the mean absolute error is 2.23 MW, and the mean relative error is 8.98%. For PV power prediction, the mean absolute error is 1.16 MW, and the mean relative error is 7.46%. The estimation errors of the ARMA model, most of the time, are precise enough for the pre-control with shunt capacitors.
Lastly, the residual sequence is obtained through the method of paper [27] . The residual sequence is the white noise sequence, so the model is in accordance with the requirements. 4 . Curves of the actual value and prediction value of (a) PV power and (b) wind power.
Test System
The improved IEEE14 system with the integration of a wind farm and a PV station is used to verify the proposed method. The installed capacity of the wind farm is 49.5 MW, which is connected to node 14. At the booster station, five sets of shunt capacitors are installed and the capacity of each set is 1 MVar. A SVC of 5 MVar is installed. The installed capacity of the PV power station is 39.5 MW, which is connected to node 9 of the system. At the booster station, the reactive power compensation devices are the same as those in the wind farm.
In order to compare the effectiveness of the proposed strategy, two cases with different voltage control methods are constructed as follows:
No forecasting for the output of wind farm and PV power station. The objective function is to minimize of voltage deviation. The wind farm and PV power stations operate at unity power factor. The control cycle is 15 min. • Method 2: The control strategy proposed in this paper is applied. The power factor of wind farm and PV power station varies between −0.95 and 0.95. The control cycle is 15 min.
Simulation Results
Uref is set to be 1. The output of the reactive power of the shunt capacitor is shown in Figure 5 . The output of the reactive power of the SVC, wind farm, and PV power station are shown in Figure  6 . 
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Uref is set to be 1. The output of the reactive power of the shunt capacitor is shown in Figure 5 . The output of the reactive power of the SVC, wind farm, and PV power station are shown in Figure  6 . From Figures 4 and 6 , the upper limit of the reactive power output of the wind farm and PV power station varies with the change of the active power output. When the active power output of the wind farm is close to full power, the upper limit of the reactive power is small. However, more reactive power is needed at this time. When the reactive power of the wind farm and the capacitors are not enough to meet the demand of the reactive power, the dynamic compensation device needs to generate more reactive power. When the reactive power output of wind farm and PV power station meet the demand, the reactive power output of the SVC is less, and the reactive power margin of the SVC is high.
Analysis of Voltage
The curves of the voltage varying with the output of the active power of the wind farm and PV From Figures 4 and 6 , the upper limit of the reactive power output of the wind farm and PV power station varies with the change of the active power output. When the active power output of the wind farm is close to full power, the upper limit of the reactive power is small. However, more reactive power is needed at this time. When the reactive power of the wind farm and the capacitors are not enough to meet the demand of the reactive power, the dynamic compensation device needs to generate more reactive power. When the reactive power output of wind farm and PV power station meet the demand, the reactive power output of the SVC is less, and the reactive power margin of the SVC is high.
The curves of the voltage varying with the output of the active power of the wind farm and PV plant are shown in Figure 7 . The variation of the index of the voltage stability margin is shown in Figure 8 . 
Conclusions
A two-tier reactive power and voltage control strategy based on the ARMA model for a power grid with a wind farm and PV plant is proposed, considering the static voltage stability margin and regulating characteristic between the different reactive power compensation devices. Based on single-step prediction information, discrete equipment are regulated prior to other devices, aiming at minimizing the voltage deviation at the center point. The dynamic VAR compensation devices, the reactive power output of the wind farm, and the PV plant are then controlled in a coordinated manner in order to minimize the voltage deviation at the central point, maximize the voltage stability margin, and maximize the reactive power margin. Through the simulation analysis, the following conclusions can be drawn:
•
The proposed control strategy can improve the reactive power margin of dynamic devices and suppress the voltage fluctuation; and
The proposed control strategy can improve the system voltage stability margin and the voltage stability, as well.
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